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Cold exposure modulates the use of carbohydrates (CHOs) and fat during exercise. This
phenomenon has mostly been observed in controlled cycling studies, but not during
walking and running when core temperature and oxygen consumption are controlled,
as both may alter energy metabolism. This study aimed at examining energy substrate
availability and utilization during walking and running in the cold when core temperature
and oxygen consumption are maintained. Ten lightly clothed male subjects walked or ran
for 60-min, at 50% and 70% of maximal oxygen consumption, respectively, in a climatic
chamber set at 0◦C or 22◦C. Thermal, cardiovascular, and oxidative responses were
measured every 15-min during exercise. Blood samples for serum non-esterified fatty
acids (NEFAs), glycerol, glucose, beta-hydroxybutyrate (BHB), plasma catecholamines,
and serum lipids were collected immediately prior, and at 30- and 60-min of exercise.
Skin temperature strongly decreased while core temperature did not change during
cold trials. Heart rate (HR) was also lower in cold trials. A rise in fat utilization in
the cold was seen through lower respiratory quotient (RQ) (−0.03 ± 0.02), greater fat
oxidation (+0.14 ± 0.13 g ·min−1) and contribution of fat to total energy expenditure
(+1 1.62 ± 1.99 kcal ·min− ). No differences from cold exposure were observed in blood
parameters. During submaximal walking and running, a greater reliance on derived fat
sources occurs in the cold, despite the absence of concurrent alterations in NEFAs,
glycerol, or catecholamine concentrations. This disparity may suggest a greater reliance
on intra-muscular energy sources such as triglycerides during both walking and running.
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INTRODUCTION
Studies examining energy metabolism during exercise in cold
environments have demonstrated inconsistent findings in sub-
strate availability and utilization between fat and carbohydrate
(CHO) sources (Hurley and Haymes, 1982; Timmons et al., 1985;
Galloway and Maughan, 1997; Layden et al., 2002). The com-
plexity of the bioenergetic response during exercise stems from
an interaction of a wide range of variables, such as the sever-
ity of climatic and seasonal conditions (i.e., temperature, wind,
and humidity) (Weller et al., 1997a,b), exercise intensity and
duration, experimental protocols, and inter-individual variability
(i.e., fitness level, anthropometric characteristics, etc.) in thermal
responses (Xu et al., 2005).
Walking and running are the two most commonly used meth-
ods of exercise even in cold environments. Weller et al. (1997a,b)
examined the physiological responses to prolonged (i.e., 6 h)
intermittent low- (5 km · h−1, 0% incline) and high-intensity
(6 km · h−1, 10% incline) walking in cold (5◦C) and neu-
tral (15◦C) environmental conditions demonstrating that low-
intensity walking in the cold increased CHO oxidation, venous
glucose and lactate concentrations, and oxygen consumption
(V˙O2) compared to thermoneutral conditions. The authors con-
cluded that the difference in V˙O2 was due to the added shivering
thermogenesis, attempting to compensate for the increased heat
loss in the cold. The likely presence of muscle cooling may
also have led to an increase in V˙O2, as reduced mechanical
efficiency requires more energy to perform the same work-
load (Oksa et al., 2002). These results can only partially define
fuel selection changes in the cold since V˙O2was not standard-
ized between conditions. Importantly, these changes were not
observed between cold and neutral conditions in the studies of
Weller et al. (1997a,b) when heat production from exercise inten-
sity was sufficient to maintain thermoregulatory functions and
V˙O2 at a similar level. Another study has also observed greater
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CHO utilization, during cycling, in cold environments along
with increased V˙O2 (Galloway and Maughan, 1997). The possi-
ble increase in V˙O2 from the presence of shivering and muscle
cooling may modulate energy metabolism, and more specifically
oxidative pathways (Tipton et al., 1997; Haman et al., 2002; Oksa
et al., 2002).
Most cold exercise studies have been performed during cycling,
whereas physiological responses to cold during walking and run-
ning are not well known. Interestingly, energy utilization during
treadmill exercise in temperate environments relies more heavily
on fat sources compared to cycling (Snyder et al., 1993; Achten
et al., 2003; Basset and Boulay, 2003). Differences explaining
these findings include a greater muscle mass activation work-
ing at a lower intensity (Hermansen and Saltin, 1969) and
blood flow (Matsui et al., 1978). The use of a greater mus-
cle mass has been shown to increase catecholamine release
(Savard et al., 1989; Kjaer et al., 1991). In addition to this
increase, there is generally greater sympatho-adrenal secretion
with cold exposure as well, strongly influencing lipolytic activ-
ity in adipose tissue beds through β-adrenergic receptors. This
phenomenon has been well documented by Frank et al. (1997)
and Castellani et al. (1998, 1999). However, Febbraio et al.
(1996), suggested that there is a blunted catecholamine response
during cycling when cooling reduces the rise in body tem-
perature. Activation of greater muscle mass, through walking
and running, could result in more evenly distributed heat pro-
duction and circulation and provide a more suitable environ-
ment for the metabolic impacts of catecholamine release and
transport.
Substrate availability and utilization during exercise have pre-
viously been believed to be unaffected unless a decrease in core
temperature was observed (Hurley and Haymes, 1982), which
has been associated with an increase in central drive in lipoly-
sis and greater use of lipids (Clavert et al., 1972). However, a
study by Layden et al. (2002) concluded that in normothermic
subjects, reduced fat oxidation during submaximal cycling in the
cold was linked to reduced free fatty acid availability, possibly
due to lower blood flow in subcutaneous adipose tissue. Their
results also demonstrated reduced levels of blood glucose, possi-
bly from increased utilization in the cold. The significant muscle
mass activation and blood flow duringwalking and running could
therefore minimize the impairment of free fatty acids (FFA) avail-
ability, and possibly prevent any of its decay, depending on cold
exposure severity and body heat production.
The aim of the present study was to investigate the changes
in energy availability and utilization during submaximal walk-
ing and running, without a reduction in core temperature and
maintained relative oxygen uptake, in a cold environment. We
hypothesized that the energetic response from walking and run-
ning in the cold compared to a temperate environment would
either remain unchanged or slightly increase availability and the
use of fat as an energy source.
METHODS
PARTICIPANTS
Ten males, moderately active and not cold acclimatized, volun-
teered for the study. Each participant provided informed and
written consent and was screened with a PAR-Q (Physical Activity
Readiness) questionnaire and for cardiovascular and respiratory
conditions that could be aggravated by cold exposure. Mean
(±SD) characteristics of the subjects were: age, 24.3 ± 3.0 years;
height, 1.80 ± 0.10m; body mass, 81.4 ± 10.6 kg; body surface
area, 2.01 ± 0.19m2; and maximal oxygen uptake (V˙O2max),
52.3 ± 5.2ml · kg−1 ·min−1. The study was performed according
to the declaration of Helsinki and was approved by the ethical
committee of Central Finland Health Care District.
The subjects were required to attend one preliminary and four
experimental sessions which were separated by at least 72 h and
trials were performed at the same time each day to control for
circadian effects. They were requested to abstain from the con-
sumption of alcohol and caffeine, the use of tobacco and vigorous
exercise for 24 h prior to each session. They were also instructed
to record their dietary and fluid intake 24 h before the first exper-
imental session, and to keep the same nutritional guidelines for
each day preceding a session. They were also instructed to arrive
at the laboratory between 0700 and 0800 h in a fasted state. Water
was available ad libitum before all sessions.
PRELIMINARY SESSION
During this session, height and body mass were measured and
percent body fat was estimated by hydrostatic underwater weigh-
ing (Brosek et al., 1963) with the water temperature maintained
at 32◦C. Total body surface area (m2) was calculated from
height (H) and weight (W) measurements as follows: AD =
0.202 × W0.425 × H0.725 (Dubois and Dubois, 1916). Thereafter,
the subjects performed a direct incremental running V˙O2max
exercise test on amotorized treadmill (Tunturi T40, Accell Group,
Heerenveen, The Netherlands) in a climatic chamber set at an
ambient temperature of 22◦C, 40% relative humidity (RH), and
0.2m · s−1 wind speed.
EXPERIMENTAL PROTOCOL
The protocol targeted two exercise intensities (walking and run-
ning at 50% and 70% V˙O2max, respectively) It was established
based from IREQmin equations (ISO 11079, 2007) that these
intensities would be enough to prevent a decrease in core tem-
perature. Ambient temperatures of 0◦C and 22◦C were used at
both exercise intensities (Timmons et al., 1985; Sink et al., 1989;
Layden et al., 2002).
For each trial, clothing insulation was the equivalent of ∼0.2
to 0.3 clo (i.e., single-layered shorts and t-shirt). Participants were
instrumented while standing (∼45-min) in an environmental
chamber regulated at 25.0 ± 2.0◦C, 40% RH and air movement
of 0.2 m · s−1 to ensure that the subjects were thermoneutral
prior to the start of testing.
Before each experimental session, the subjects sat for a base-
line period of 15-min in the instrumentation chamber (25◦C,
40% RH and 0.2m · s−1 wind). Then they moved to an adjacent
climatic chamber (40% RH and 0.2m · s−1 wind), immediately
started exercising for 60-min, and completed one of the four
experimental treadmill exercise sessions. The sessions followed
a balanced design and involved the following conditions: (1)
Walking at 50% V˙O2max in 0◦C (Walk Cold); (2) Walking at 50%
V˙O2max in 22◦C (Walk Neutral); (3) Running at 70% V˙O2max
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in 0◦C (Run Cold); and (4) Running at 70% V˙O2max in 22◦C
(Run Neutral). Treadmill speed for each subject was determined
individually to ensure that V˙O2 was consistently at their respec-
tive target level throughout the full 60min. Treadmill speed for
the entire exercise session averaged 6.3 ± 0.4 km · h−1 in Walk
Cold, 6.7 ± 0.5 km · h−1 in Walk Neutral, 8.6 ± 0.8 km · h−1 in
Run Cold and 8.6 ± 0.8 km · h−1 in Run Neutral.
INSTRUMENTATIONAND MEASUREMENTS
Rectal temperature (Tre) was measured using a rectal thermis-
tor (YSI 401, Yellow Springs Instruments, USA) inserted 10 cm
beyond the anal sphincter. Skin temperature was measured from
six sites (face, chest, forearm, hand, thigh, and back) using ther-
mistors (NTCDC95, Digi-Key, USA). Both core and skin temper-
ature data were recorded by a portable data logger (SmartReader
Plus 8, ACR Systems Inc., Surrey, Canada). Weighted mean skin
temperature (Tsk) was subsequently calculated using theweighted
average of the six sites (Palmes and Park, 1948):
Tsk = 0.14 (Tface) + 0.19 (Tchest) + 0.11 (Tforearm)
+ 0.05 (Thand) + 0.32 (Tthigh) + 0.19 (Tback) (1)
A seven-point subjective scale was used to determine the sub-
jects’ thermal comfort throughout the trials (ASHRAE Standard
55, 1992). Ratings of the scale were ranging from: −3, Cold,
to 0, Neutral, to 3, Hot. Subjects were required to point
to their response, which was manually recorded. Heart rate
(HR) was monitored using a HR monitor (T6, Suunto, Vantaa,
Finland) with a continuously recording memory wirstwatch.
Data was subsequently transferred and analyzed via Kubios
software (KubiosHRV, Biosignal Analysis and Medical Imaging
Group, Univ. Eastern Finland, Finland) for which the signal was
smoothed by an artifact correction factor. Measurement for V˙O2
and respiratory quotient (RQ) were determined using an open
circuit ergospirometer (Medikro 919 Ergospirometer, Medikro,
Kuopio, Finland) with a gas concentration-mixing chamber
located outside of the climatic chamber at thermoneutral temper-
ature (25◦C). A properly adjusted one-way Hans-Rudolph valve
connected to a breathing tube was used in all trials to collect
expired gases. Oxidation of CHO and fat was calculated based
on stoichiometric equations (Jeukendrup and Wallis, 2005) as
follows:
CHO
(
g/min
) = 4.21 · V˙CO2 − 2.962 · V˙O2 − 0.4 ·n (2)
Fat
(
g/min
) = 1.695 · V˙O2 − 1.701 · V˙CO2 − 1.77 ·n (3)
where n represents nitrogen excretion from protein oxidation
(estimated at 135μg · kg ·min−1) (Romijn et al., 1993). Protein
oxidation was not directly calculated as short term cold expo-
sure does not tend to alter its contribution to energy expendi-
ture (Vallerand and Jacobs, 1989; Haman et al., 2002). Energy
expenditure was subsequently calculated for the entire 60-min
of exercise based on the energy equivalent for CHO (mixture
of 20% glucose and 80% glycogen; 4.07 kcal · g ·min−1) and fat
(9.75 kcal · g ·min−1) (Jeukendrup and Wallis, 2005).
BLOOD SAMPLING AND ANALYSES
An OCRILON® polyurethane catheter (Optivia I.V 18G, Jelco,
Smith’s Medical, Ashford, UK), positioned in the antecu-
bital vein before the start of the experiment and maintained
throughout exercise, was used to collect blood samples in
3.5ml vacuum-sealed serum tubes with silicon coating (BD
Vacutainer® SST™ tubes, BD, New Jersey, USA) and in 3ml
K2EDTA whole blood tubes (BD Vacutainer® Plus Plastic
K2EDTA tubes, BD, New Jersey, USA). Catheters were main-
tained using adhesive hypoallergenic, water-resistant tape (3M™
Transpore Surgical Tape, 3M Health Care, London, Canada).
Prior to centrifugation, whole blood samples were immediately
analyzed for haemoglobin and haematocrit (Ac ·T diff ana-
lyzer, Beckman Coulter Inc., Fullerton, CA, USA). Changes in
plasma volume were calculated using haemoglobin and hema-
tocrit changes (Dill and Costill, 1974). The blood samples
were centrifuged at 3500 rpm for 10min and were subsequently
isolated in Eppendorf tubes and frozen at −80◦C for future
analysis.
Plasma catecholamines [epinephrine (Epi) and nore-
pinephrine (NE)] were analyzed via a commercial ELISA kit
(DRG Instruments GmbH, Germany). Coefficients of variance
for intra-assay precision were 15.0% for Epi and 16.1% for NE at
2.5 ng ·ml−1and 24.4 ng ·ml−1 levels, respectively. Intra-assay’s
analytical sensitivities for Epi and NE were 0.011 and 0.044
ng ·ml−1, respectively. Serum energy substrates [non-esterified
fatty acid (NEFA), glucose, beta-hydroxybutyrate (BHB), glyc-
erol], and serum lipids [total cholesterol (CHOLtot), high-density
lipoprotein (HDL), and triglycerols (TG)] were analyzed by
Konelab 20XTi (MedWOW, Nicosia, Cyprus). Their sensitivities
of intra-assay coefficient of variances were 7.4, 2.4, 0.8, 4.6, 1.9,
2.3, and 3.4%, respectively. Low-density lipoprotein (LDL) was
derived from TC and HDL values using the Friedewald equation
(Friedewald et al., 1972).
STATISTICAL ANALYSES
Three-way repeated measures analyses of variance (ANOVA)were
used with the factors of time (levels for V˙O2, HR, RQ, fat, and
CHO oxidation, core and skin temperature responses: baseline,
15, 30, 45, 60min; levels for NEFA, glycerol, glucose, BHB, Epi,
NE, and serum lipids: baseline, 30 and 60min), ambient tem-
perature (levels: cold and neutral), and exercise intensity (levels:
walking at 50% V˙O2max and running at 70% V˙O2max). A Two-
Way repeated measures ANOVA with the factors of ambient
temperature (levels: cold and neutral), and exercise intensity
(levels: walking at 50% V˙O2max and running at 70% V˙O2max)
was used to determine statistical differences for total energy
expenditure during the entire exercise session (60min) as well
as CHO and fat contribution. Post-hoc analyses were conducted
using independent Tukey’s HSD test when appropriate. Pearson
product-moment correlations were also used to assess possible
associations between catecholamines, NEFA, glycerol, glucose,
BHB, and oxidation for CHO and fat. Subjective ratings from
thermal comfort data was converted to ranks and was subse-
quently analyzed using Friedman’s repeated measures ANOVA.
The results are reported as mean ± SD by using p < 0.05 to
identify statistical differences. All analyses were performed using
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the statistical software package Statistica 7 for Windows (StatSoft,
Tulsa, OK, USA).
RESULTS
CORE AND SKIN TEMPERATUREAND THERMAL COMFORT
Core temperature (Figure 1, panel A) increased over time
(p< 0.001) and was greater during running compared to walking
(p < 0.001) (Figure 1). Moreover, an interaction between tem-
perature and time was observed as Tre in cold was lower than
neutral but at 60-min only (p < 0.001).
Skin temperature remained almost constant in neutral but
dropped significantly in the cold. A three-way significant inter-
action was seen (p < 0.05) as each time point, from 15-min to
the end of exercise, showed lower Tsk values in the cold compared
to neutral temperatures within each exercise intensity. Walking
also demonstrated lower Tsk compared to running at 45-min and
60-min (p < 0.05) (Figure 1, panel B).
The main effects of temperature and exercise both affected
thermal comfort (p < 0.001), being lower in the cold compared
to neutral and during walking compared to running. No effects
were seen due to time (p = 0.246).
FIGURE 1 | Core (panel A) and skin (panel B) temperatures at baseline
(BL) and during 60min of exercise during walking (© and •) and
running ( and ), in cold (© and ), and neutral (• and ) ambient
temperatures. Mean (±SD). †Significant difference between walking and
running (P < 0.05). ‡ Significant difference between cold and neutral
(P < 0.001).
HEART RATE AND OXYGEN CONSUMPTION
HR and oxygen consumption values are presented in Table 1.
HR was greater during exercise compared to baseline in all
conditions (p < 0.001). HR was also influenced by tempera-
ture (p < 0.01) with lower HR values (9 ± 11 beats ·min−1) in
the cold, and by exercise intensity (p < 0.001) with higher val-
ues in running (29 ± 11 beats ·min−1) compared to walking.
Finally, oxygen consumption was influenced by time (p< 0.001)
and exercise intensity (p < 0.001) but not by temperature
(p = 0.925).
RESPIRATORY QUOTIENT, FUEL OXIDATION, AND ENERGY
EXPENDITURE
RQ (Figure 2, panel A) was modulated by the main effect of
time (p < 0.001) as it rapidly increased in the first 15-min
followed by a slow decrease until the end of exercise. The
main effect of temperature further influenced the response as
RQ was lower in the cold (0.85 ± 0.03) compared to neutral
(0.88 ± 0.03; p < 0.05). Themain effect of exercise also indicated
that RQ in running (0.88 ± 0.02) was greater than in walking
(0.85 ± 0.02, p < 0.001). From 15min to the end of exercise, a
higher RQ response was seen in neutral temperature compared
to cold (p < 0.01), and during running compared to walking
(p < 0.05).
All main factors independently modulated the oxidation
responses for both CHO and fat (p < 0.05) (Figure 2, panels
B,C). Temperature interacted with time for CHO (p < 0.05) and
Table 1 | Oxygen uptake and heart rate during the exercise in cold
and neutral environments at baseline and during exercise.
Walking Running
Cold Neutral Cold Neutral
V˙O2 (ml · kg−1 ·min−1)
Baseline
15min
30min
45min
60min
4.5 (0.9)
25.4 (5.1)
24.5 (3.2)
24.8 (2.8)
24.9 (3.6)
3.5 (1.0)a
25.0 (2.6)
25.2 (3.0)
25.3 (2.8)
25.4 (2.9)
4.2 (1.1)
36.2 (4.6)
37.0 (5.3)
37.8 (4.6)
37.5 (4.2)
4.3 (1.5)a
34.8 (4.5)
37.3 (4.3)
37.0 (4.0)
37.0 (3.5)
V˙O2 (%)
Baseline
15min
30min
45min
60min
8.9 (1.8)
48.9 (8.8)
46.5 (5.4)
47.2 (3.7)
47.8 (3.6)
6.6 (1.9)a
47.4 (5.0)
48.1 (3.3)
47.7 (3.6)
48.3 (3.4)
8.1 (2.0)
69.0 (6.7)
69.9 (6.5)
70.8 (6.3)
70.6 (4.7)
8.4 (2.9)a
66.3 (7.1)
71.6 (5.0)
71.6 (6.2)
70.5 (6.8)
HR (beats ·min−1)
Baseline
15min
30min
45min
60min
68 (16)
119 (18)
122 (15)
124 (12)
126 (14)
67 (14)a
128 (7)
133 (9)
136 (10)
140 (9)
70 (12)
152 (9)
159 (13)
162 (14)
163 (16)
69 (13)a
159 (11)b
170 (13)b
176 (12)b
178 (13)b
aSignificantly lower from all other times within exercise modality (P < 0.001).
bSignificantly higher in neutral temperature compared to cold within times
(P < 0.001).
Values are represented as mean (±SD).
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fat (p < 0.005), as from 30-min to the end of exercise, CHO oxi-
dation was greater in neutral, while fat oxidation was greater in
cold. CHO oxidation was also affected by the interaction of exer-
cise intensity and time (p < 0.001) with each exercise time point
demonstrating greater reliance on CHO during running. This
was not observed with fat oxidation (p = 0.259). Concerning
total energy expenditure over the 60-min period, the main effect
of temperature influenced both CHO and fat (p < 0.05) with a
greater reliance of energy derived from fat in cold trials (+1.62 ±
1.99 kcal ·min−1) and a greater reliance of CHO in neutral tri-
als (+1.38 ± 1.09 kcal ·min−1) (Figure 3). Exercise intensity only
FIGURE 2 | Respiratory quotient (panel A), CHO oxidation (panel B)
and fat oxidation (panel C) at baseline (BL) and during 60min of
exercise during walking (© and •) and running ( and ), in cold
(© and ), and neutral (• and ) ambient temperatures. Mean (±SD).
†Significant difference between walking and running (P < 0.05). ‡Significant
difference between cold and neutral (P < 0.05).
modulated the CHO response, which was greater during running
(+4.05 ± 1.20 kcal ·min−1, p < 0.001).
CATECHOLAMINES
Epinephrine and NE responses are presented in Figure 4 (panels
A,B). The main effect of time affected the Epi response
(p < 0.001) with 30-min (0.08 ± 0.02 ng ·ml−1) and 60-min
(0.09 ± 0.04 ng ·ml−1) being greater than baseline value (0.04 ±
0.02 ng ·ml−1) (Figure 4). No effects were observed due to tem-
perature (p > 0.05) or exercise intensity (p > 0.05).
The main effects of time, temperature and exercise intensity
all modulated the NE response (p < 0.05), which increased over
time and was greater in neutral and during running. An interac-
tion between temperature and time was present as neutral trials
had a greater response compared to cold at 60min only (1.78
vs. 1.07 ng ·ml−1, p < 0.05). Time also interacted with exercise
intensity as running had a greater NE response compared to
walking at 30-min (2.44 vs. 1.47 ng ·ml−1) and 60min (1.76 vs.
1.08 ng ·ml−1) (p < 0.001).
LACTATE, NEFA, GLYCEROL, GLUCOSE, AND BHB
Serum concentrations for lactate, NEFA, glycerol, glucose and
BHB are presented in Figure 5 (panels A–E). Time and exercise
intensity both modulated the lactate response (p < 0.001 and p =
0.002, respectively) with greater concentration at 30- and 60-min
and during running). Nonetheless, no differences was seen
between cold and neutral conditions (1.79 ± 0.48mmol · L−1 vs.
1.92 ± 0.48mmol · L−1; p = 0.439).
There was a main effect of time seen as an increase in NEFA
with 30-min (769 ± 203μmol · L−1) being greater than base-
line (472 ± 123μmol · L−1) (p < 0.001), and 60-min (1275 ±
230μmol · L−1) being greater than both 30-min and baseline
(p < 0.001). Neither temperature nor exercise intensity modu-
lated the NEFA response (p = 0.630; p = 0.180). Glycerol con-
centration increased over time and was greater than baseline
FIGURE 3 | Energy expenditure from CHO and fat sources for the entire
60min of exercise during walking and running, in both cold and
neutral ambient temperatures. ‡Fat greater in cold compared to neutral
across exercise (P < 0.05). Mean (±SD). †CHO greater in Neutral
compared to Cold trials (P < 0.05).
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FIGURE 4 | Epinephrine (panel A), norepinephrine (panel B) at baseline
(BL) and during 60-min of exercise during walking (© and •) and
running ( and ), in cold (© and ), and neutral (• and ) ambient
temperatures. Mean (±SD). †Significant difference between walking and
running (P < 0.01). ‡Significant difference between cold and neutral
(P < 0.05), ∗Significantly greater than baseline (P < 0.05).
from 30-min (+0.17 ± 0.02mmol · L−1) to the end of exercise
(+0.27 ± 0.03mmol · L−1) (p < 0.001). This increase continued
as 60-min was also greater than 30-min (p < 0.001). Temperature
did not have any effects on the glycerol response (p = 0.109).
Nonetheless, a higher glycerol response was observed during
running compared to walking (p < 0.005).
The main effects of time (p < 0.05) and exercise intensity
(p < 0.001) influenced the glucose response but no change was
observed due to temperature (p = 0.417). Glucose concentra-
tion gradually increased over time and was greater at the end
of exercise (i.e., 60-min) (+0.34 ± 0.11mmol · L−1, p < 0.05)
compared to baseline. Mean glucose concentration during run-
ning was also greater compared to walking (p < 0.001). An
increase of 0.18 ± 0.10mmol · L−1 in the BHB response was
seen over time as 60-min was significantly greater than baseline
(p < 0.001). However, neither the main effects of temperature
nor exercise intensity affected the BHB response (p = 0.531;
p = 0.754).
SERUM LIPIDS
Serum lipid concentrations during baseline and exercises are pre-
sented in Table 2. Temperature had no effects on any serum lipid
FIGURE 5 | Lactate (panel A), non-esterified fatty acids (panel B),
glycerol (panel C), glucose (panel D) and beta-hydroxybutyrate (panel
E) at baseline (BL) and during 60-min of exercise during walking
(© and •) and running ( and ), in cold (© and ), and neutral (• and
) ambient temperatures. Mean (±SD). †Significant difference between
walking and running (P < 0.01). ∗Significantly greater than baseline
(P < 0.05). §Significantly greater than baseline and 30min (P < 0.001).
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Table 2 | Serum lipids and plasma volume during walking and
running in both cold and neutral environmental conditions at
baseline and during exercise.
Walking Running
Cold Neutral Cold Neutral
CHOLtot (mmol/L)
Baseline
30min
60min
4.57 (0.73)
4.72 (0.67)
4.67 (0.73)
4.43 (0.75)a
4.59 (0.93)
4.73 (0.97)
4.41 (0.90)
4.73 (0.90)
4.64 (0.82)
4.51 (0.84)a
4.82 (0.82)
4.84 (0.85)
HDL (mmol/L)
Baseline
30min
60min
1.60 (0.45)
1.66 (0.46)
1.70 (0.52)
1.60 (0.37)
1.71 (0.43)
1.72 (0.45)
1.58 (0.40)
1.69 (0.40)
1.69 (0.42)
1.62 (0.46)a
0.72 (0.45)
1.73 (0.47)
LDL (mmol/L)
Baseline
30min
60min
2.56 (0.70)
2.57 (0.70)
2.47 (0.75)
2.52 (0.70)
2.48 (0.81)
2.57 (0.84)
2.45 (0.87)
2.53 (0.92)
2.40 (0.91)
2.49 (0.63)
2.59 (0.62)
2.56 (0.63)
TG (mmol/L)
Baseline
30min
60min
0.88 (0.37)
1.04 (0.39)
1.10 (0.40)
0.76 (0.27)a
0.92 (0.30)
0.98 (0.20)
0.85 (0.36)
1.17 (0.38)
1.27 (0.31)
0.89 (0.37)a
1.13 (0.36)b
1.20 (0.34)b
PV (%)
Baseline
30min
60min
–
−2.58 (6.22)
−1.14 (6.88)
–
−4.23 (8.84)
−4.19 (8.24)
–
−7.95 (6.39)
−5.62 (6.05)
–
−6.51 (4.67)
−6.58 (5.23)
aSignificantly lower from all other times within exercise modality (P < 0.05).
bSignificantly greater during running compared to walking within times
(P < 0.001).
CHOLtot, total cholesterol; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; TG, triglycerides;  PV, change in plasma volume. Values are
represented as mean (±SD).
parameters. CHOL and TG demonstrated a significant interac-
tion between time and exercise intensity (p < 0.05) as baseline
was lower compared to 30-min and 60-min within each exercise
intensity. Triglyceride response was also greater during running
compared to walking at 30-min and 60-min of exercise com-
pared to baseline (p < 0.001). No significant changes were seen
with LDL.
ASSOCIATIONS BETWEEN ENERGYMETABOLISM VARIABLES
A summary of correlation coefficients for plasma catecholamines,
serum energy substrates and substrate oxidation is provided in
Table 3. Measured variables tended to be more related in neu-
tral conditions than in the cold conditions both in walking and
running groups.
DISCUSSION
The main finding of this study was that during submaximal walk-
ing and running (i.e., whole-body exercise), a greater energetic
reliance from derived fat sources occurs in the cold, despite the
absence of a concurrent increase in NEFA availability or in glyc-
erol or catecholamine concentrations. This metabolic shift was
observed through a lower RQ, lower CHO oxidation, and higher
fat oxidation level in cold trials with V˙O2 and core temperature
maintained. This underlines the presence of a different energy
selection mechanism in the cold compared to thermoneutral dur-
ing exercise, which responds in a consistent manner at the present
submaximal intensities of treadmill exercise.
The present results indicated that cold exposure affected the
thermal, cardiovascular, and energetic responses during submax-
imal running and walking. Firstly, cold exposure affected Tsk,
which sharply decreased in the cold, and only affected Tre at
60-min during running with higher values in the neutral condi-
tions. Secondly, lower HR values were observed throughout the
entire 60-min of exercise, which is consistent with other cold exer-
cise studies (Sink et al., 1989; Kruk et al., 1991). In the presence of
skin cooling, SNS activity promotes greater peripheral vasocon-
striction (Castellani et al., 1998), thereby redirecting peripheral
blood flow to the core as a thermal protective mechanism. The
combination of increased central blood volume and the activation
of the baroreceptor reflex from vasoconstriction and stimulation
of the trigeminal nerve from cold air in the face are all phenomena
associated with a reduced HR in the cold (Williams and Kilgour,
1993).
Concerning the energetic response, we demonstrated a dispar-
ity between energy availability and oxidation. This was observed
by a rise in reliance on fat sources in the cold with no concur-
rent increase in serum levels of NEFA, glycerol, glucose, BHB,
or in plasma lipids. Layden et al. (2002, 2004a) observed an
increase in CHO in cold environments, during cycling, with no
difference in core temperature and a decrease in glycerol avail-
ability in the cold. The greater muscular stress imposed on a
smaller muscle mass to perform exercise at a similar intensity
and lower blood flow in cycling compared to walking or run-
ning may explain the difference in results (Hermansen and Saltin,
1969; Matsui et al., 1978). During walking at low-intensity in wet
and cold environments, Weller et al. (1997a,b) demonstrated an
increase in CHO reliance. In their study, low-intensity walking
in the cold induced shivering thermogenesis and consequently
an increase in V˙O2. It is known that shivering thermogenesis
increases oxygen consumption and the use of CHO.
The increase in CHO use in the cold, seen in some studies,
has suggested muscle cooling as a potential mechanism for the
shift in energy requirements. Muscle cooling may reduce mechan-
ical efficiency during exercise (Oksa et al., 2002) and, therefore,
requires more oxygen to produce the same workload (Galloway
and Maughan, 1997). Our protocol consisted of the maintenance
of V˙O2 steadily throughout the entire exercise session to truly
distinguish the metabolic effects of cold exposure without the
potential interference of a change in V˙O2. We also attempted to
control core temperature to avoid any decrease (through suffi-
cient energy expenditure and heat production) as central cooling
has been linked to whole-body lipolysis (Clavert et al., 1972;
Hurley and Haymes, 1982). Exercise intensity can be used to
predict core temperature (Nielsen, 1938; Åstrand, 2003). The
increase in core temperature from exercise was delayed by the
cold during running at 60min, indicating that core tempera-
ture was not yet stabilized in the protocol. Based on the earlier
response of RQ and fuel oxidation, this late difference in core
temperature most likely did not affect the energetic response in
any way.
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Table 3 | Correlations coeffients between plasma catecholamines, serum concentrations and substrates oxidation during walking and running
in both cold and neutral environmental conditions.
Epi NE Glucose NEFA Glycerol BHB CHOoxi Fatoxi
WALKING
Epi −0.033 −0.010 +0.180 +0.149 +0.383 +0.286 +0.137
NE +0.197 +0.079 +0.294 +0.399 −0.003 +0.299 +0.436
Glucose +0.180 +0.206 +0.008 +0.138 +0.264 +0.042 +0.326
NEFA +0.256 +0.251 +0.068 +0.856* +0.425 +0.485 +0.638*
Glycerol +0.333 +0.568* +0.086 +0.892* +0.468 +0.581 +0.722*
BHB +0.533* +0.085 +0.131 +0.493 +0.343 +0.335 +0.445
CHOoxi +0.301 +0.736* +0.053 +0.487 +0.766* +0.379 +0.773*
Fatoxi +0.155 +0.620* +0.097 +0.695* +0.836* +0.212 +0.747*
RUNNING
Epi +0.305 −0.111 +0.158 +0.392 +0.054 +0.476 +0.293
NE +0.444 +0.196 +0.007 +0.440 −0.141 +0.698* +0.496
Glucose +0.165 +0.532* −0.068 +0.021 −0.312 +0.232 +0.217
NEFA +0.387 +0.428 +0.258 +0.746* +0.843* +0.256 +0.586*
Glycerol +0.447 +0.617* +0.371 +0.780* +0.645* +0.604* +0.761*
BHB +0.208 −0.003 −0.153 +0.687* +0.489 +0.101 +0.492
CHOoxi +0.591* +0.794* +0.542* +0.486 +0.609* −0.005 +0.530*
Fatoxi +0.241 +0.528* +0.211 +0.653* +0.677* +0.391 +0.400
Upper and lower sections represent Cold and Neutral trials respectively for both Walking and Running. Epi, Epinephrine; NE, Norepinephrine; glucose; NEFA;
non-esterified fatty acids; glycerol; BHB, beta-hydroxybutyrate; CHOoxi (carbohydrate oxidation), and fatoxi (fat oxidation).
*Significantly correlated at p < 0.01.
Epinephrine and NE have previously been reported to respond
strongly to a decrease in core temperature (Galbo et al., 1979;
Weller et al., 1997a,b; Frank et al., 2002) and, to a more mod-
est extent, with skin cooling (Weller et al., 1997a,b). We expected
catecholamines to respond to the cold stimulus and modulate the
oxidation response. However, our experimental protocol failed to
generate significant differences in catecholamine concentrations
from cold exposure and seemed to be related mostly to exercise.
Importantly, increases in catecholamines related to heat stress
have also been documented (Hargreaves et al., 1996). While we
observed peripheral cooling in our subjects, the cold-stress may
not have been severe enough to generate a cold-related increase
in Epi and NE beyond the exercise stimulus. Instead, heat pro-
duction from exercise most likely balanced the thermal response,
and even produced low-level heat stress at 60min in the run-
ning neutral condition, causing an increase in the NE response.
Norepinephrine acts as a strong vasoconstrictive agent.We cannot
discount the possibility that during running, the increase in NE
and in vasoconstriction of adipose tissue beds in the thermoneu-
tral environment would have, in part, influenced the increase in
fat utilization in the cold.
We suggested that the larger muscle mass activation dur-
ing walking and running, in combination with an increase in
sympatho-adrenergic activity from cold exposure, would have
enhanced lipolytic activity, mostly active in the upper body adi-
pose tissue beds (Arner et al., 1990; Horowitz et al., 2000). We
found little evidence from our correlations between our cate-
cholamine data and energy substrate availability or utilization
that would indicate greater lipolysis from cold exposure. This
observation was noteworthy since it supports previous work that
showed that an increase in substrate availability is associated with
an increase in its utilization in thermoneutral [see Review by
Hawley (2002)] but not in cold environments. Vallerand et al.
(1999) showed evidence of an uncoupling between fatty acid
availability and oxidation in the cold at rest. Layden et al. (2004a)
later demonstrated the same findings in exercising subjects. In
our study, the rise in fat utilization did not seem to be related to
catecholamines or energy substrate availability. Therefore, other
factors need to be examined to explain some of our results.
According to previous research, peripheral vascular factors
may play a more central role than previously thought in energy
use (Kiens et al., 1993; Layden et al., 2002). Skin tempera-
ture demonstrated the strongest response to cold exposure and
peripheral capillaries may vasoconstrict to a point where skin
blood flow can be almost zero. Layden et al. (2002) proposed
a reduction in subcutaneous adipose tissue blood flow, which
would limit NEFAs and glycerol transport during vasoconstric-
tion. While we did not observe an actual decrease in NEFA or
glycerol, reduced adipose tissue blood flow may have limited
some lipolytic effects in adipocytes from cold exposure. Although
skin temperature represents surface cooling, deeper tissues (i.e.,
subcutaneous fat and muscles) are also cooled to some extent
(Oksa et al., 1995). Due to the cylindrical shape of the limbs,
even a minimally extended cooling from the skin toward deeper
tissues may result in high total cooled limb volume. Therefore,
the role of deeper tissues may have contributed to our results.
Kiens et al. (1993) suggested that lower muscle blood flow was
linked to a greater affinity of working muscles to extract FFA
as an energy source. The authors explained that an increase in
muscle capillary density and decreased blood flow in trained vs.
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non-trained subjects likely induced a longer mean capillary tran-
sit time, thereby providing greater FFA extraction capability by
the muscles. Although no training protocol was used in our
study, therefore no change in muscle capillary density, the present
vasoconstriction and peripheral tissue cooling could have possi-
bly reduce muscle blood flow to a point, which would provide
a greater FFA uptake capability. The large muscle mass acti-
vation during walking and running, in comparison to cycling,
did allow some peripheral cooling (i.e., decreased skin tem-
perature), which may have translated into some muscle cool-
ing and reduced muscle blood flow. This potential mechanism
and its effects on FFA uptake, however, need to be explored
further.
Further, energy is also stored in the muscle, mostly in the
form of glycogen and triglycerides. Intra-muscular cellular activ-
ity during cold exposure might explain the increase in fat
reliance without the concurrent increase in plasma NEFA or
glycerol. A reduced glycogenolytic rate in slightly cooled work-
ing muscle have previously been reported, even when Epi levels
were similar in the control exercising muscles (Febbraio et al.,
1996; Parkin et al., 1999; Starkie et al., 1999). Additionally,
Romijn et al. (1993) examined the energy contribution of
intramuscular triglycerides (IMTG) during submaximal exer-
cise at 25, 65 and 85% of V˙O2max. They found that the
greatest requirement of IMTG was at 65% V˙O2max and con-
tributed to ∼26% of energy contribution. Our protocol used
intensity levels bordering 65% V˙O2max. For a specific work-
load, a decrease in availability of an energy source consequently
requires the increase of another. The interaction of muscle
cooling and reduced glycogenolysis would generate an energy
requirement for which a compensatory reliance on another intra-
muscular energy source may have been possible. Since cellu-
lar processes seem to favor IMTG selection near the relative
intensities used in our protocol, the observed increase in fat
reliance in the cold may have indeed originated from additional
IMTG contribution. Although a recent cycling study demon-
strated no change in IMTG contribution to energy in the cold
compared to a neutral environment (Layden et al., 2004b),
more work need to be done to determine intra- and extra-
cellular energy contribution to exercise in various environmental
conditions.
The total energy expenditure (i.e., duration of 60min) indi-
cated similar results in cold and neutral but proportionally relied
more on fat in the cold. This may be of interest in relation
to weight loss and body composition following exercise. In a
water-immersion exercise study by White et al. (2005), energy
expenditure was similar for the cold and neutral water conditions,
while energy intake after the cold condition was 44 and 41%
higher compared to neutral and resting conditions, respectively,
indicating that cold-water temperature significantly stimulated
post-exercise energy intake. Interpretation of these results needs
to be taken with caution as their post-exercise period was only
20min but differences in calorie intake for similar energy expen-
diture may lead to changes in body weight and composition.
More work is required to determine post-exercise effects in energy
intake and expenditure from cold exposure.
The exercise intensities provided by our study, while offer-
ing some insights, did not cover very-low or maximal ranges.
Further examination of energy and heat production, as well as
fuel selection and availability is suggested as they change with
exercise intensity. Also, while our study group consisted of young
healthy men only lipolysis has been shown to differ in rates and
tissue location between men and women (Horowitz et al., 2000).
Importantly, future work should also focus on the role of IMTG
and other energy sources, membrane transport and substrate cel-
lular uptake mechanisms, in combination with localized muscle
tissue blood flow and temperature.
CONCLUSIONS
The delicate combination of thermal and exercise induced
metabolic changes seems to be crucial in peripheral regulation of
energy metabolism in cold environments.We observed a different
fuel selection mechanism between temperate and cold environ-
ments during walking and running with greater utilization of fat
as an energy substrate in the cold when core temperature and V˙O2
were maintained. Mean transit time in muscle blood flow might
play a significant role in substrate uptake mechanisms during
walking and running. Furthermore, consequences of a reduc-
tion in glycogenolysis with muscle cooling may impose a greater
reliance on IMTG reserves to supply the energetic demand.
ACKNOWLEDGMENTS
We would like to thank all our subjects for participating in this
challenging study. In addition, we would also like to express
our sincere gratitude to Niina Nikolajev, Tiina Takalokastari,
Krista Rahunen, Juha Oksa, Sirkka Rissanen, Tero Mäkinen, Risto
Puurtinen, Tony Karhu and Timo Törmäkangas for their most
valuable assistance. Dominique Gagnon was supported by the
Jenny and Antti Wihurin Foundation. Sheila Gagnon was sup-
ported in part by the Joint Motion Program – A CIHR train-
ing program in musculoskeletal health research and leadership.
Stephen S. Cheung was supported by a Canada Research Chair.
REFERENCES
Achten, J., Venables, M. C., and
Jeukendrup, A. E. (2003). Fat oxida-
tion rates are higher during running
compared with cycling over a wide
range of intensities. Metabolism 52,
747–752.
Arner, P., Kriegholm, E., Engfeldt, P.,
and Bolinder, J. (1990). Adrenergic
regulation of lipolysis in situ at rest
and during exercise. J. Clin. Invest.
85, 893–898.
ASHRAE Standard 55. (1992). Thermal
Environmental Conditions for
Human Occupancy. Atlanta, GA:
The American Society of Heating,
Refrigeration and Air-Conditioning
Engineers, Inc.
Åstrand, P. O. (2003). Textbook of Work
Physiology, 4th Edn. Champaign, IL:
Human kinetics.
Basset, F. A., and Boulay, M. R. (2003).
Treadmill and cycle ergometer
tests are interchangable to monitor
triathletes annual training. J. Sports
Sci. Med. 2, 110–116.
Brosek, J. F., Grande, J. T.,
Andersen, J. T., and Keys, A.
(1963). Densiometric analysis
of body composition: review
of some quantitative assump-
tions. Ann. N.Y. Acad. Sci. 110,
113–140.
Castellani, J. W., Young, A. J., Kain, J. E.,
Rouse, A., and Sawka, A. J. (1999).
Thermoregulation during cold
exposure: effects of prior exercise.
J. Appl. Physiol. 87, 247–252.
Castellani, J. W., Young, A. J., Sawka,
M. N., and Pandolf, K. B. (1998).
Human thermoregulation responses
during serial cold-water immersion.
J. Appl. Physiol. 85, 204–209.
Clavert, D. T., Clough, D. P., Findlay,
J. D., and Thompson, G. E. (1972).
Hypothalamic cooling, heat pro-
duction and plasma lipids in the ox.
Life Sci. 11, 223–229.
www.frontiersin.org May 2013 | Volume 4 | Article 99 | 9
Gagnon et al. Walking and running in the cold
Dill, D. B., and Costill, D. L. (1974).
Calculation of percentage changes
in volumes of blood, plasma, and
red cells in dehydration. J. Appl.
Physiol. 37, 247–248.
Dubois, D., and Dubois, E. F. (1916).
A formula to estimate the approx-
imate surface area if height and
weight are known. Arch. Int. Med.
17, 863–871.
Febbraio, M. A., Snow, R. J., Stathis, C.
G., Hargreaves, M., and Carey, M.
F. (1996). Blunting the rise in body
temperature reduces glycogenolysis
during exercise. Exp. Physiol. 81,
685–693.
Frank, S., Cattaneo, C., Wieneke-Brady,
M., El-Rahmany, H., Gupta, N.,
Lima, J., et al. (2002). Threshold
for adrenomedullary activation
and increased cardiac work during
mild core hypoxia. Clin. Sci. 102,
119–125.
Frank, S. M., Higgins, M. S., Fleisher,
L. A., Sitzmann, J. V., Raff, H., and
Breslow, M. J. (1997). Adrenergic,
respiratory, and cardiovascular
effects of core cooling in humans.
Am. J. Physiol. 272, R557–R562.
Friedewald, W. T., Levy, R. I.,
and Fredrickson, D. S. (1972).
Estimation of the concentration of
low-density lipoprotein cholesterol
in plasma, without use of the
preparative ultracentrifuge. Clin.
Chem. 18, 499–502.
Galbo, H., Houston, M. E.,
Christensen, N. J., Holst, J. J.,
Nielsen, B., Nygaard, E., et al.
(1979). The effect of water tem-
perature on hormonal response to
prolonged swimming. Acta Physiol.
Scand. 105, 326–337.
Galloway, S. D. R., and Maughan, R. J.
(1997). Effects of ambient tempera-
ture on the capacity to perform pro-
longed cycle exercise in man. Med.
Sci. Sports Exerc. 29, 1240–1249.
Haman, F., Péronnet, F., Kenny, G. P.,
Massicotte, D., Lavoie, C., Scott, C.,
et al. (2002). Effect of cold expo-
sure on fuel utilization in human:
plasma glucose, muscle glycogen,
and lipids. J. Appl. Physiol. 93,
77–84.
Hargreaves, M., Angus, D., Howlett, K.,
Conus, N. M., and Febbraio, M.
(1996). Effect of heat stress on glu-
cose kinetics during exercise. J. Appl.
Physiol. 81, 1594–1597.
Hawley, J. A. (2002). Effect of increased
fat availability on metabolism and
exercise capacity. Med. Sci. Sports
Exerc. 34, 1485–1491.
Hermansen, L., and Saltin, B. (1969).
Oxygen uptake during maximal
treadmill and bicycle exercise.
J. Appl. Physiol. 26, 31–37.
Horowitz, J. F., Leone, T. C., Feng, W.,
Kelly, D. P., and Klein, S. (2000).
Effect of endurance training on lipid
metabolism in women: a potential
role for PPARα in the metabolic
response to training. Am. J. Physiol.
Endocrinol. Metab. 279, 348–355.
Hurley, B., and Haymes, E. M. (1982).
The effects of rest and exercise
in the cold on substrate mobiliza-
tion and utilization. Aviat. Space
Environ. Med. 53, 1193–1197.
ISO 11079. (2007). Ergonomics
of the Thermal Environment –
Determination and Interpretation
of Cold Stress When Using
Required Clothing Insulation
(IREQ) and Local Cooling Effects.
Geneva: International Standards
Organization.
Jeukendrup, A. E., and Wallis, G. A.
(2005). Measurement of substrate
oxidation during exercise by means
of gas exchange measurements. Int.
J. Sports Med. 28, 528–537.
Kiens, B., Éssen-Gustavsson, B.,
Christensen, N. J., and Saltin, B.
(1993). Skeletal muscle substrate
utilization during submaximal
exercise in man: effect of endurance
training. J. Physiol. 469, 459–478.
Kjaer, M., Kiens, B., Hargreaves, M.,
and Richter, E. A. (1991). Influence
of active muscles on glucose home-
ostatis during exercise in humans.
J. Appl. Physiol. 71, 552–557.
Kruk, B., Pekkarinen, H., Manninen,
K., and Hänninen, O. (1991).
Comparaison in men of physi-
ological responses to exercise of
increasing intensity at low and
moderate ambient temperature.
Eur. J. Appl. Physiol. 62, 353–357.
Layden, J. D., Malkova, D., and Nimmo,
M. A. (2004a). During exercise
in the cold increased availability
of plasma nonesterified fatty acids
does not affect the pattern of sub-
strate oxidation. Metabolism 53,
203–208.
Layden, J. D., Malkova, D., and Nimmo,
M. A. (2004b). Fat oxidation after
acipimox-induced reduction in
plasma nonesterified fatty acids
during exercise at 0◦C and 20◦C.
Metabolism 53, 1131–1135.
Layden, J. D., Patterson, M. J., and
Nimmo, M. A. (2002). Effects of
reduced ambient temperature on
fat utilization during submaximal
exercise. Med. Sci. Sports Exerc. 34,
774–779.
Matsui, H., Kitamura, K., and
Miyamura, M. (1978). Oxygen
uptake and blood flow of the lower
limb in maximal treadmill and
bicycle exercise. Eur. J. Appl. Physiol.
40, 57–62.
Nielsen, M. (1938). Die Regulation
der Körpertemperatur bei
Muskelarbeit. Skand. Arch. Physiol.
79, 193.
Oksa, J., Ducharme, M. B., and
Rintamäki, H. (2002). Combined
effect of repetitive work and cold
on muscle function and fatigue.
J. Appl. Physiol. 92, 354–361.
Oksa, J., Rintamäki, H., Mäkinen, T.,
Hassi, J., and Rusko, H. (1995).
Cooling-induced changes in mus-
cular performance and EMG activ-
ity of agonist and antagonist mus-
cles. Aviat. Space Environ. Med. 66,
26–31.
Palmes, E. D., and Park, C. R. (1948).
An improved mounting for ther-
mocouples for the measurement of
the surface temperature of the body.
J. Lab. Clin. Med. 33, 1044–1046.
Parkin, J. M., Carey, M. F., Zhao, S.,
and Febbraio, M. A. (1999). Effect
of ambient temperature on human
skeletal muscle metabolism dur-
ing fatiguing submaximal exercise.
J. Appl. Physiol. 86, 902–908.
Romijn, J. A., Coyle, E. F., Sidossis, L.
S., Gastaldelli, A., Horowitz, J. F.,
Endert, E., et al. (1993). Regulation
of endogenous fat and carbohydrate
metabolism in relation to exer-
cise intensity and duration. Am. J.
Physiol. 265, 380–391.
Savard, G. K., Richter, E. A., Strange,
S., Kiens, B., Christensen, N. J., and
Saltin, B. (1989). Norepinephrine
spilover from skeletal mucle dur-
ing exercise in humans: role of
muscle mass. Am. J. Physiol. 257,
1812–1818.
Sink, K. R., Thomas, T. R., Araujo, J.,
and Hill, S. F. (1989). Fat energy
use and plasma lipid changes associ-
ated with exercise intensity and tem-
perature. Eur. J. Appl. Physiol. 58,
508–513.
Snyder, A. C., O’Hagan, K. P., Clifford,
P. S., Hoffman, M. D., and Foster,
C. (1993). Exercise responses to in-
line skating: comparisons to run-
ning and cycling. Int. J. Sports Med.
14, 38–42.
Starkie, R. L., Hargreaves, M., Lambert,
D. L., Proietto, J., and Febbraio,
M. A. (1999). Effect of temperature
on muscle metabolism during sub-
maximal exercise in humans. Exp.
Physiol. 84, 775–784.
Timmons, B. A., Araujo, J., and
Thomas, T. R. (1985). Fat utiliza-
tion enhanced by exercise in a cold
environment.Med. Sci. Sports Exerc.
17, 673–678.
Tipton, M. J., Franks, G. M., Meneilly,
G. S., and Mekjavic, I. B. (1997).
Substrate utilization during exercise
and shivering. Eur. J. Appl. Physiol.
76, 103–108.
Vallerand, A. L., and Jacobs, I. (1989).
Rates of energy substrates utiliza-
tion during human cold expo-
sure. Eur. J. Appl. Physiol. 58,
873–878.
Vallerand, A. L., Zamecnick, J., Jones,
P. J. H., and Jacobs, I. (1999). Cold
stress increases lipolysis, FFA, Ra
and TG/FFA cycling in humans.
Aviat. Space Environ. Med. 70,
42–50.
Weller, A. S., Millard, C. E., Stroud,
M. A., Greenhaff, P. L., and
MacDonald, I. A. (1997a).
Physiological responses to cold,
wet, and windy environment during
prolonged intermittent walking.
Am. J. Physiol. 272, R226–R233.
Weller, A. S., Millard, C. E., Stroud,
M. A., Greenhaff, P. L., and
MacDonald, I. A. (1997b).
Physiological responses to cold
stress during prolonged inter-
mittent low- and high-intensity
walking. Am. J. Physiol. 272,
R2025–R2033.
White, L. J., Dressendorfer, R. H.,
Holland, E., McCoy, S. C., and
Ferguson, M. A. (2005). Increased
caloric intake soon after exercise in
cold water. Int. J. Sport Nutr. Exerc.
Metab. 15, 38–47.
Williams, P. A., and Kilgour, R. D.
(1993). Cardiovascular responses to
facial cooling during low and mod-
erate intensity exercise. Eur. J. Appl.
Physiol. 67, 53–58.
Xu, X., Tikuisis, P., Gonzalez, R.,
and Giesbrecht, G. (2005).
Thermoregulatory model for
prediction of long-term cold expo-
sure. Comp. Biol. Med. 35, 287–298.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 19 November 2012; accepted:
22 April 2013; published online: 10 May
2013.
Citation: Gagnon DD, Rintamäki H,
Gagnon SS, Cheung SS, Herzig K-H,
Porvari K and Kyröläinen H (2013) Cold
exposure enhances fat utilization but not
non-esterified fatty acids, glycerol or cate-
cholamines availability during submaxi-
mal walking and running. Front. Physiol.
4:99. doi: 10.3389/fphys.2013.00099
This article was submitted to Frontiers
in Exercise Physiology, a specialty of
Frontiers in Physiology.
Copyright © 2013 Gagnon, Rintamäki,
Gagnon, Cheung, Herzig, Porvari and
Kyröläinen. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are
credited and subject to any copyright
notices concerning any third-party
graphics etc.
Frontiers in Physiology | Exercise Physiology May 2013 | Volume 4 | Article 99 | 10
